Abstract: In order to study the relative growth of the pearl oyster Pinctada radiata in Tunisia, a total of 330 individuals of this species were collected from six sites along the Tunisian coastline. Quantitative measurements of collected oysters were conducted for shell height, shell length, shell width, hinge length, height and width of the nacreous part and wet weight. The size structure of the sampled populations was described and the relative growth between different morphometric characteristics was estimated as allometric growth lines for the six P. radiata samples. It appeared that the majority of examined samples were dominated by large individuals that exceed a shell height of 42 mm. The maximum size (100.5 mm), recorded in Bizerta lagoon, is bigger than that recorded elsewhere in particular in the Red Sea. Size distribution analysis also showed that the majority of P. radiata samples were dominated by two or more size groups. Differences of allometric regression were found between the examined samples for the tested relationships. Moreover, the Factorial Discriminant Analysis, coupled with Ascending Hierarchic Classification, classified the sub-populations according to geographic locations.
Introduction
The pearl oyster Pinctada radiata (Leach, 1814) is one of the first exotic immigrants that arrived to the Mediterranean Sea through the Suez Channel (Monterosato 1878). This indo-pacific bivalve has successfully passed through this Canal and spread throughout the Mediterranean basin colonizing continually new habitats. Indeed, this species has been recorded several times in both eastern and western basins (Galil & Zenetos 2002; Gofas & Zenetos 2003; Zenetos et al. 2005) . It was also mentioned in the Adriatic (Vio & De Min 1996) . In Tunisia, P. radiata was reported, for the first time, by Bouchon-Brandely & Berthoule (1891) and Vassel (1897) in the Gulf of Gabes (Southern coastline) where it had confined and proliferated forming very dense populations (Tlig-Zouari 1993) . In fact, outside the gulf of Gabes, the presence of this bivalve is very sporadic along the eastern Tunisian coastline (Ktari-Chakroun & Azzouz 1971; Tlig-Zouari 1993) . P. radiata is now established along nearly the entire Tunisian coastline, from the Libyan frontier to Bizerta lagoon which represents the northern limit of its current distribution. P. radiata abounds in many areas of the Tunisian coastline: the Gulf of Gabes, Monastir Bay and the Gulf of Tunis (Tlig-Zouari et al. 2009 ).
Pinctada radiata is an epifaunal suspension feeder of the subtidal zone and a fouling species. It is a protandric hermaphrodite species and the size of first sexual maturity happens at a size of 17 mm. It was reported in Tunisia that sex inversion occurs in shells of 32-57 mm length and gonad maturity is controlled by temperature (Tlig-Zouari 1993; Tlig-Zouari & Zaouali 1994) . Studies carried out on P. radiata outside its original area are scarce (Tlig-Zouari 1993; Yassien et al. 2000; Mohammed & Yassien 2003) and ecological and biological characteristics of this species within its new habitats are spatially and temporally limited.
Pinctada radiata is consumed and appreciated in some Tunisian coastal regions such as Kerkennah islands, the island of Djerba and in the region of Bizerta. Thus, it can be an interesting and complementary food source. However, biological and ecological characteristics of the species, in Tunisia, remain poorly known. The only studies about Tunisian P. radiata population were carried out in the Archipelago of Kerkennah and interested the species reproduction, its growth and its demographic and biometric features (Tlig-Zouari 1993; Tlig-Zouari & Zaouali 1994 , 1995 , 1998 . The knowledge-gap about relative growth and stocks of P. radiata along the Tunisian coastline, in particular the northern and eastern sectors, led us to make a research about this bivalve. The present study aims to characterize the morphometry and compare the relative growth of 6 Tunisian P. radiata populations from the northern and eastern coasts of the country. 
Material and methods
Six samples (N1: Bizerta lagoon, N2: Tunis north lagoon, N3: La Marsa, E1: Hammamet harbour, E2: Monastir and E3: Stah Jaber) of wild P. radiata specimens were collected by divers at 3-6 m depths in 6 sites from the northern and eastern coasts of Tunisia (Fig. 1) . At each site, 55 specimens were randomly collected within an area of 200 m 2 which was randomly chosen (Tlig-Zouari & Zaouali 1995 , 1998 . A total of 330 specimens, ranging 18-100.51 mm shell height (SH), were used in this study. Morphological measurements of live oysters were conducted after shell cleaning. Specimens were measured for shell height (SH), shell length (SL), shell width (SW), height and width of the nacreous part (Hpn and Lpn) and hinge length (HL) on the left shell to the nearest 0.01 mm by a digital vernier calliper (Fig. 2) . Parts of the measurement were done similarly to previous studies about Pinctada genus (Hynd 1955; Hwang & Okutani 2003) . Wet weight (WW) including shell and soft body was weighted to the nearest 0.01 g by an electronic scale. The samples were grouped by size classes and the demo- graphic structures of the considered sub-populations were represented by histograms. Shell heights of samples were compared using the non-parametric test of Kruskal-Wallis.
Relative growth between different morphometric characteristics was investigated using the shell height (SH) as reference variable. The relative growth was then represented as allometric growth regressions (lines) for the six P. radiata samples by applying the linear least squares method for log-transformed data of each characteristic (Schwartz 1963; Sokal & Rholf 1994) . A single allometric relationship between wet weight (WW) and shell height (SH) was also performed for each P. radiata sample. The parameters a, b of allometric equations were estimated and analysis of covariance (ANCOVA) was used to compare the difference in tested variables among populations. Factorial Discriminant Analysis (FDA) and the Ascending Hierarchic Classification (AHC) were also applied using the log-transformed morphometric data to check differences among the studied samples. Statistical analyses of the data were performed using Excel, SPSS 11.5 and Rgui package softwares. Table 1 . Estimated parameters of allometric growth (for the relationships ln (SL)-ln (SH), ln (SW)-ln (SH), ln (Hpn)-ln (SH), ln (Lpn)-ln (SH), ln (HL)-ln (SH) and ln (WW)-ln (SH)) of Pinctada radiata in the six examined populations at 95% confidence intervals. Explanations: SH -shell height (mm); SL -shell length (mm); SW -shell width (mm); HL -hinge length (mm); Hpn -height of nacreous part (mm); Lpn -width of nacreous part (mm); WW -wet weight (g).
Results
Total SH average values of the examined samples ranged between 33.57 ± 10.13 mm and 63.50 ± 16.09 mm. The majority of the analyzed P. radiata subpopulations were dominated by large individuals whose size were equal or exceeded 42 mm (Fig. 3 ). In contrast, the samples of Tunis north lagoon (N2) and La Marsa (N3) showed lower average values of total height. They were distinguished by specimens whose size did not exceed 42 mm (Fig. 3) . It is worth noting that the maximum size (100.51 mm) recorded during the present study was recorded in N1 (Bizerta lagoon). Although normality assumption of shell height (SH) data of the whole sample was satisfied (Shapiro-Wilk test = 0.956; P < 0.001), some samples did not show a normal distri- Table 1. bution, e.g., N1 and E1. In addition, a non-parametric procedure using Kruskal-Wallis test showed a significant difference between the examined samples (H = 151.364; P < 0.001).
The parameters of allometric lines among ln(SL), ln(SW), ln(Hpn), ln(Lpn), ln(HL), ln(WW), and ln(SH), estimated at 95% confidence intervals, are shown in Table 1 . The relationships between these variables, except for ln(WW) and ln(SH), exhibited close linear regressions, with exponent (b) 0.093-1.095 for ln(SL) vs ln(SH), 0.106-2.624 for ln(SW) vs ln(SH), 0.023-0.264 for ln(Hpn) vs ln(SH), 0.220-0.347 for ln(Lpn) vs ln(SH) and 0.630-1.864 for ln(HL) vs ln(SH). Exponents in allometric relationships for ln(WW) vs ln(SH) were comprised between 4.526 (N3) and 11.60 (E1) ( Table 1) . Morphological comparisons of relationships between P. radiata samples are presented in Table 1 and Figure 4 .
With the exception of the morphometric relationship ln(HL)-ln(SH) within N3 (La Marsa), all tested variables were highly correlated (high R 2 values) for all examined samples (Table 1) . Significant differences in the tested relationships between samples were found with analysis of covariance (ANCOVA, P < 0.0001), although some overlaps in the plot area were observed (Table 2) . It is worth noting that for the majority of tested relationships, the regression line of the sample N1 was obtained separated from those of other samples. These latter showed always overlaps in the plot area. The larger overlaps in the plot area was especially observed, between N2, N3, E1, E2 and E3, with the relationships ln(SL)-ln(SH), ln(SW)-ln(SH), ln(Hpn)-ln(SH), ln(Lpn)-ln(SH), and ln(WW)-ln(SH) (Fig. 4) .
Factorial Discriminant Analysis (FDA) done based on the same data gave a better discrimination (Fig. 5) . The first two axes explained 64% of the variability in the data (38% for axis 1 and 26% for axis 2). In spite of the overlap observed between the samples, it is possible to see that the sample E1 tend to be separated from the rest of samples. High overlap was observed be- tween the samples E2 and E3. N2 and N3 individuals were grouped separately in both sides of axis 1. In addition, FDA separated the six samples and a StudentNeuman-Keuls multiple-range test separated four homogenous groups: E1, N2, N3 and E2+E3+N1. A better separation was obtained with the Ascending Hierarchic Classification which showed two clusters. The first was represented by the Northern samples (N1, N2 and N3) with a separation of the population N1. As for the second cluster, it was formed by the Eastern samples (E1, E2 and E3) and it consisted of two sub-clusters, one represented by E1 and another by E2 + E3 (Fig. 6 ).
Discussion
The size structure of the six P. radiata samples showed that with the exception of the two sub-populations of Tunis Gulf (N2 & N3) characterized by the dominance of small specimens (Ht ≤ 42 mm), the other samples were dominated by large pearl oysters (Ht ≥ 42 mm) (Fig. 3) . Not similarly to the latter result, the study carried out about P. radiata sub-populations in the Archipelago of Kerkennah (Gulf of Gabes, Southern coast of Tunisia) showed that the majority of individuals had a size lower than 42 mm with individuals ranging between 1 and 74 mm (Tlig-Zouari 1993) . The latter author explained this fact by a continuous recruitment of the species in Kerkennah islands which is due to a continuous reproduction activity along the year (Tlig-Zouari & Zaouali 1994). Size distribution analysis also showed that the majority of P. radiata samples were dominated by 2 or more size groups. Differences in size distribution might be due to various environmental factors, such as temporally and spatially variable predation or exploitation or adverse environmental episodes. Otherwise, similar observations were found in the Archipelago of Kerkennah where P. radiata populations were reported to be dominated by four cohorts during most of the year; such an observation was explained by an irregular seasonal growth and continuous reproduction activity and recrutement of the species (Tlig-Zouari & Zaouali 1994 , 1995 . It is worth noting that the maximum size (100.5 mm), recorded in Bizerta lagoon (N1) is higher than that observed by Seurat (1929) (85 mm) in Gabes Gulf (south of Tunisia) and Tlig-Zouari (1993) in Kerkennah islands (74 mm). This size is larger than that recorded by Yassien (1998) and Yassien et al. (2000) , respectively, in the Red Sea (93.2 mm) and Eastern Mediterranean (64 mm).
The comparison of relative growth features of P. radiata showed differences between the studied samples. Larger differences were observed in the relationships ln(SW)-ln(SH) (Fig. 4) . This result indicated that SW, among the six characters examined (SH, HL, SL, SW, Hpn, Lpn), greatly differs between samples, because larger overlaps in the plot area of the log-linear relationships were observed by other combinations of characters (ln(SL)-ln(SH), ln(Hpn)-ln(SH) and ln(Lpn)-ln(SH)). High correlation was also found between SW and SH within the sub-populations of Kerkennah Islands (TligZouari & Zaouali 1998). The latter authors also mentioned significant differences in this relationship between the examined samples. Other large differences were observed with the relationship ln(SH)-ln(WW). These differences could be caused by WW, which differed from one sample to another due to the variability of environmental conditions and availability of food resources. This study also revealed a variable relative growth of SW between the different prospected localities and indicated that the pearl oysters of Hammamet harbour (E1) and Stah Jaber (E3) have the widest SW than those recorded in the other sites. Similar variability in length-weight relationships was previously observed in the south Tunisian coastline by Tlig-Zouari (1993) and Tlig-Zouari & Zaouali (1994) who explained that such variability could be in relation with individuals' size (SH) and the availability of food resources. The latter authors also explained that within large-sized individuals, the growth of SH is highly reduced but their shells became wider.
The comparison of the relationship SW-SH investigated during this study with that of other species belonging to the same genus from different areas showed that P. radiata in Monastir (E2) has a higher SW increase against SH than those of P. fucata (Gould, 1850), P. margaritifera (L., 1758) and P. sugillata (Reeve, 1857) in Taiwan (Hwang et al. 2007 ), Korea (Shimizu 1999) and Japan (Wada 1984) . Furthermore, it is worth noting that the variable SW was also considered as the most important morphological character in the aquaculture of other pearl oyster species; e.g., P. fucata, P. margaritifera and P. sugillata since it greatly affects the number and size of the inserted pearl nuclei (Hwang et al. 2007 ). These differences could be in relation to environmental and therefore nutritional factors or to genetic ones as was reported for P. fucata populations in Japan (Wada 1984) . However, because it has a thicker SW, the species P. radiata has great potential for use as a supplementary edible resource and also as a nacre resource.
Morphometric differences in relation to genetic factors have been reported with P. radiata (mentioned as P. imbricata and P. albina) in Australia (Colgan & Ponder 2002) . Otherwise, the study of P. radiata (mentioned as P. imbricata) populations of Japan (Wada 1975 (Wada , 1982 and Bahrain (Beaumont & Khamdan 1991) showed the existence of morphometric variations. The latter authors have not excluded the hypothesis that these morphometric differences may be also related to environmental conditions, in particular the exposure to wave action, salinity and temperature. Moreover, the temperature also affects the size of pearl oysters. In the Gulf of Mexico, for example, the size of oysters decreases at low latitudes because the elevated temperature reduces the allocation of energy to growth somatic (Klinck et al. 1992) . Similar relative growth differences have been mentioned among the stocks of P. margaritifera in French Polynesia (Pouvreau & Prasil 2001) . According to these authors, such relative growth differences are probably due to temperature, the renewal rate of water and food availability around the bivalves.
The four sub-population assemblages, obtained with FDA and CHA, almost matched with geographical separation of the six samples. This could be in relation with environmental conditions which differ from one sector to another. In fact, N1 is localized in Bizerta lagoon, N2 + N3 in Tunis Gulf, E1 in Hammamet Gulf and E2 + E3 in Monastir bay (Fig. 1) .
Summarising, the present study described the relative growth of the alien species P. radiata in Northern and Eastern Tunisian coastline. Except for La Marsa sample (N3), all populations showed high correlations between the various combined variables, with some variability from one station to another. The most significant differences between samples were es-pecially obtained with the relationships ln(SW)-ln(SH) and ln(WW)-ln(SH). Multivariate analyses (FDA and CHA) enabled to classify the samples in four subgroups. Such differences might be due to the difference in geographic locations. Further genetic investigations are necessary to prove wether morphometric differences of Tunisian P. radiata sub-populations are related to genetic variations.
